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ABSTRACT

During 2006 and 2007, forages from 3 individual hay
harvests were used to assess the effects of spontaneous
heating on concentrations of crude protein (CP), neu-
tral detergent insoluble CP (NDICP), acid detergent
insoluble CP (ADTCP), and in situ disappearance ki-
netics of CP and NDICP for large round bales of mixed
alfalfa (Medicaqo sativa L.) and orchardgrass (Dactylis
glomerata L.). Over the 3 harvests, 96 large round hales
were made at preset bale diameters of 0.9, 1.2, or 1.5
in and at moisture concentrations ranging from 9.3
to 46.6%. Internal bale temperatures were monitored
daily during all outdoor storage period. The change in
concentrations of NDICP (poststorage - prestorage)
increased with heating degree (lays (HDD) >30°C in
a relationship best explained with a nonlinear niodel
{Y = 24.9 - [22.7 x (e 0.000010 X X X X)} R2 = 0.8921 that
became asymptotic at +24.9 percentage units of CP,
thereby indicating that NDICP increases rapidly within
bales that heat spontaneously. When maximuminternal
bale temperature (MAX) was used as the independent
variable, the best regression model was quadratic and
the coefficient of determination was still relatively high
(R2 = 0.716). The change iii concentrations of ADICP
(poststorage - prestorage; ADJCP) also increased
with HDD and was best fitted to a nonlinear model {Y
= 14.9 [15.7 x (e°°°°°°'9 x X X)]} with a very high coef-
ficient of determination (R 2 = 0.934). A similar quartic
response was observed for the regression of AADTCP on
MAX (R2 = 0.975). Increases in ADICP as a result of
heating (HDD or MAX) were paralleled by concurrent
increases in hemicellulose at relatively low increments
of heating, but the inverse relationship was observed
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as hernicelluloses likely became reactive and concentra-
tions decreased in more severely heated hays. Changes
in ruminal disappearance rate of CP were best fitted to
cubic models for regressions on both HDD (R2 = 0.939)
and MAX (R2 = 0.876); these changes represented an
approximate 50Vr rate reduction in severely heated
hays relative to prestorage controls. Within ranges of
heating most commonly encountered under field condi-
tions, changes in runri en- degradable protein decreased
in a primarily linear relationship with HDD or MAX.
However, the mean change in rumen-degradable pro-
tein for the 4 most severely heated hays was only —2.6
percentage units of CP, which represents a minimal
reduction froin prestorage controls and is far less than
the maximum of —7.9 percentage units of CP observed
with less-severe heating. Interpretation of these results
was complicated by poor recovery of NDICP from our-
most severely heated hays fbllowing machine rinsing of
0-11 Dacron bags; theoretically, and by definition, this
unrecovered pool of NDICP is assumed to be entirely
degradable in the rumnen. It remains unclear whether
these responses could be corroborated in vivo or by
other analytical techmuques, or whether the magnitude
of HDD or MAX for our most severely heated hays
exceeds the reliable limits for estimating RDP via in
situ methodology.
Key words: acid detergent insoluble crude protein,
crude protein disappearance kinetics. neutral detergent
insoluble crude protein, spontaneous heating

INTRODUCTION

Harvests of alfalfa aJiCI other dairy-quality hays are
frequently complicated by poor drying conditions or the
threat of unexpected rainfall events, each of which po-
tentially places these valuable crops at risk. As a result.,
producers often are forced to choose between baling
their hay crop before adequate desiccation has occurred
or subjecting their wilting ha y to rain damage. Sponta-
neous heating is a common phenomenon observed with-
ill hays haled without proper desiccation; this process
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occurs as plant sugars are respired into CO,, water, and
heat by microorganisms associated with the hay (Rotz
and Muck. 1994). Traditionally, hay research has used
small (approximately 45-kg) rectangular hales as the
experimental model, in part because they are easy to
replicate. As a result, a representative set of treatments
can he evaluated using onl y a. limited land area. The
threshold moisture concentration for acceptable stor-
age for this type of hay package is approximately 20%
(Collins et al.. 1987). However, the cost and hunted
availability of labor necessary to handle conventional
rectangular hay bales has forced man y hay producers
to consider larger bale types. Generally, these larger
hay packages are more prone to heat, spontaneously and
require a reduced threshold moisture concentration for
acceptable storage. In addition, large round bales can
exhibit far greater quantitative measures of spontane-
ous heating, such as heating degree days (HDD) >30'3C
or maximum internal bale temperature (MAX) than
are observed typically for small rectangular hay bales
(Coblentz and Hoffman. 2009a). As a result of these
factors, in-depth evaluations of the effects of spontane-
ous heating on CP composition and associated kinetic
estimates of rurninal disappearance of CP for heated
forages packaged within large round or square bales
have been limited.

Historically. the CP recovered within insoluble acid-
detergent fiber (ADICP) residues has been suggested
to be a relatively sensitive indicator of heating in for-
ages, and concentrations of ADICP frequently increase
linearly with measures of spontaneous heating in hay
(Cohlenitz et al., 1996. 2000). Concentrations of ADICP
are believed to increase via formation of \laiilarcl or
nonenzymatic browning products that are produced via
condensation of sugars with AA, subsequently yielding
polymers possessing many of the physical properties of
lignin (Van Soest, 1982). A generation ago. Goering et
al. (1973) determined that this reaction in forages is
exacerbated by effective heating period. temperature,
and the moisture concentration within the hay. This
reaction is important because ADICP is presumed to
exhibit very low bioavailabilitv in ruminants (Van Soest.
arid Mason. 1991; Licitra et al., 1996). In practice, 2
in vivo studies (Broderick et al.. 1993: N[cBetli et al.,
2001) suggest this premise is true for ADICP in its
native form, but bioavailabihtv may improve somewhat
as concentrations of ADICP increase as a consequence
of spontaneous heating. McBeth et al. (2001) reported
that apparent digest ibilities of ADICP for bermuda-
grass [Cynodon dactylon (L.) Pers.] hays incurring 5 to
401 HDD during storage increased linearly from —1.7 to
42.3% when offered to wether lambs. Similarl y. Broder-
ick et al. (1993) found a negative apparent digestibility
of ADICP (-12.2%) for dairy cow diets containing un-

heated alfalfa hay, but a positive digestibilit y (35.8%)
for diets containing steanni-lieated hays. Although
ADICP is commonly used as an indicator of heat (lam!!-
age. neutral detergent insoluble Cl? (NDICP) also is
known to increase linearl y ill response to spontaneous
heating within bermudagrass hays packaged in small
rectangular bales (Cohlentz et al., 2000: Turner et al..
2002) Across both of these studies. the relationships
between NDICP and HDD were characterized by rela-
tively high coefficients of determination (r 2 0.612).
Quantification of NDICP is important within the
Cornell Net Carboh ydrate and Protein S ystem because
CP that is insoluble in neutral detergent but soluble in
acid detergent comprises the B i protein fraction that is
assumed to retain hioavailahihitv but also is relatively
resistant to rumninal degradation (Sniffen et al.. 1992).
In part. the B fraction may increase with spontaneous
heating because B 2 proteins that are soluble in neutral
detergent often denature with heating. thereb y render-
ing them increasingl y insoluble (Licitra et al.. 1996).
Quantification of NDTCP also is required to estimate
energy density by the suminat ive approach (Weiss et
al., 1992; NRC, 2001).

Many current nutritional models (SnifThn et, al., 1992:
NRC, 1996. 2001) for ruminants require estimation of
the percentage of 11 DP. For alfalfa, rates of runiinal CF
disappearance (Kd ) are known to be extremel y rapid
(Iloffnian et al.. 1993; Vanzant et al.. 1996), which
contributes to extensive estimates of RDP (NRC. 2001)
and inefficient use of this forage protein. As a result.
considerable research effort has been directed at assess-
ing techniques that potentially reduce K, 1 and RDP for
alfalfa hays and silages. The haling and storage process
alone offers some benefit: mean estimates of Kd and
R.DP have been reduced from 0.171 to 0.075/h and 76
to 60% of CF. respectively, in comparisons of standing
alfalfa forage with baled hays (Broderick ('t UI.. 1992).
External heat treatments, applied as forced air or via
steam. reduced both K(j and RDP in shredded and
unshredded alfalfa hays (Yang et al., 1993), but these
practices also reduce forage energy densit y, thereby re-
quiring additional compensation with concentrate feeds
to maintain milk production (Broderick et al.. 1993).
Heat generated spontaneously during hale storage also
has reduced estimates of K 1 and RDP within both
alfalfa (Coblentz et al., 1997) and hernnudagrass hays
(McBeth et al.. 2003). For alfalfa, the negative linear
relationship between K, 1 and IIDD was especially close
(r2 0.856) and resulted in a 50% reduction in Kd.
Similarly, RDP within these bays decreased linearly by
0.018 percentage units of CP per HDD, also exhibiting a
relatively high coefficient of deternunation (r 2 = 0.615).
However, these studies used onl y small rectangular or
model baling systems in which heating characteristics IJournal of Dairy Science Vol. 93 No. 3, 2010
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were limited to a much narrower range tliau those at-
tainable in larger bale packages. Therefore, our objec-
tives were to relate changes in concentrations of CP
components and characteristics of in situ CF or NDICP
disappearance to measures of spontaneous heating for
large round bales of alfalfa-orchardgrass hay described
previously (Coblentz arid Hoffman. 2009a) using linear
and nonlinear regression techniques.

MATERIALS AND METHODS

Field Procedures

Considered collectivel y, this project comprised 3
independent hay harvests conducted on the same 8.2-
ha field site during 2006 and 2007. Establishment, of
forages, soil fertility, harvest management, storage
procedures, temperature measurements, and pre- and
poststorage sampling procedures have been described
in detail previously (Cohlentz and Hoffman. 2009a) and
have been summarized thoroughly in a related corn-
mun ication (Coblentz and Hoffman, 2009b). Therefore,
only a brief, general overview of these procedures is
provided.

An 8.2-ha field site comprising a mixture of Phabu-
ions H alfalfa and Extend orchardgrass was established
on April 14, 2004 near Stratford. Wisconsin. The 3 in-
dependent hay harvests included harvest and haling of
a. second (low moisture; LM) and third (high moisture;
HM) cutting during 2006, as well as the harvest and
haling of a second cutting (luring 2007 (intermediate
moisture; IM). Within each ha.' harvest, the treatment
structure was similar: generally, hales were packaged
in factorial arrangements of bale diameter (1.5, 1.2. or
0.9 in) and various concentrations of moisture. Each
combination of hale moisture and bale diameter was
replicated in 3 experimental field blocks that were
based on field topography (slope). For the LM. 1M, and
HM harvests, prestorage hale moistures for interactive
treatment combinations ranged from 9.3 to 17.3%, 16.8
to 24.2%, and 26.7 to 46.6%, respectively. Respective
dry weight percentages of alfalfa in LM, TM, and FIM
harvests were 91, 76. and 68%; similarl y, orchardgrass
composed 9, 22. and 31 1/0 of each sward. During each
harvest,, forage was mowed and conditioned (model
8830: J. I. Case Co., Racine, \VT), adjacent rows were
gathered with a hifold rake, and hay was packaged with
a Ford-New Holland round haler (model BR 740A: CNH
America LLC, Racine, WI). All hales were tied with 2
revolutions of net wrap, positioned on wooden pallets
located outdoors, and then monitored daily for 1) HDD,
computed as the summation of the daily increments by
which the internal bale temperature was greater than
30CC. and 2) MAX. All hales were sampled (Uni-Forage
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Sampler: Star Quality Samplers. Edmonton. Alberta.
Canada) twice. One sampling occurred immediately af-
ter baling, and another after hales exhibited no further
evidence of spontaneous heating. For the poststorage
sampling, hay samples were obtained from the surface
layer (0.15 in deep) and then the hale core. All ha
samples were dried to constant weight under forced
air (50cC), ground through a Wiley mill (Arthur H.
Thomas. Philadelphia, PA) equipped with either a
1- or 2-inin screen, and then retained for laboratory
evaluation of Cl', NDICP, ADICP. and ruminal in situ
disappearance kinetics of CP and NDICP.

Laboratory Analyses

Portions of each hay ground through a I-iiiin screen
were analyzed for total N by a macro-Kjeldahl proce-
(lure (AOAC, 1998; method 988.05). Concentrations of
NDTCP and ADICP were determined similarl y following
rionsequential extraction in neutral and acid detergent..
respectively. The NDF solution contained no sodium
sulfite or heat-stable c-amylase. and residual CF fol-
lowing extractions in either neutral or acid detergent
was determined by the identical macro-Kjeldahl pro-
cedure described previously. Concentrations of NDICP
and ADICP then were reported as a percentage of total
CP.

In Situ Incubation Procedures

Selection of flays. Eighteen interactive (bale mois-
ture x hale diameter) treatments were selected from the
HM (10 treatments) and IM (8 treatments) harvests for
in situ analysis. All poststorage hays evaluated iii situ
consisted of forage from the hale core only. and each
hay treatment was composited over the 3 field replica-
tionis (bales) before conducting iii situ evaluations. The
18 treatments were selected to provide the best possible
distribution across the entire heating continuum repre-
sented by TM and HM harvests. Composites of prestor-
age samples generated from the 10 hays selected from
time HM harvest and from the 8 hays selected froiri the
TM harvest also were evaluated as controls (no heating).
Although hays from the LI\l harvest were evaluated for
concentrations of CP, NDICP, and ADICP, they were
not considered for in situ anal ysis. This was a procedur-
al compromise necessitated by the upper hunt of about
20 hays that could be evaluated simultaneously using
in situ techniques. We chose to eliminate hays from the
LM harvest because 1) they did not broaden the range
of accmnnulated HDD (25-343 HDD) relative to the TM
harvest (19-506 IIDD: Cobleiitz and Hoffman. 2009a)
and 2) they did not improve the distribution of HDD
within this range.
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In Situ Incubation Procedures. The general
methodology for iii sit 11 evaluation of heated forages
has been detailed previously (Cohlentz and Ilolfimian.
2009a.b) : therefore, in situ procedures will be outlined
only iii brief. Two nonlactal 111g. riiiiiiiiallY ciililllilate(l
Holstein cows (937 + 35.4 kg) were housed in individual
4.3 x 8.5-111 pens and offered a basal diet consisting
of shredded alfalfa quackgrass ha y (11.0 CP, 50.8%.
NDF. and 3(j9C/ ADF). ground corn, and trace min-
eralized salt. The basal diet was offered at 0900 and
1000 1) daily in equal portions at a cunuilat ivc rate of
1.35A of B\V. On an as-fed basis. the (bet consisted of
90.39 alfalfa grass ha y. 8.9/ ground corn, and 0.SVc
trace mineralized salt. Individual pens had concrete
floors that were bedded with wood shavings, and fresh
water was available in each pen for ad libitum intake.
Cannulatioiis (protocol #A-1307) and care of the cows
(protocol #A-1339) were approved by the Research
Animal Resources Center of the University of Wiscon-
sin. Cows were adapted to the basal diet for 10 d, and
then hays were evaluated chiring two 4-d experimental
periods. A 3-d recovery p0110(1 was allowed between
periods I and 2.

Five-gram samples of each dried, ground (2-min
screen) iiay were sealed iii 10 x 20-cm Dacron bags (50
± 10-gm pore size: Ankonm Teeliiiolugv Corp.. Fairport
NY) and then suspended in the ventral rumen for 3, 6.
9. 12, 24, 36, 48, 72. or 96 Ii. Prior to runnnal incuba-
tion, all Dacron bags were placed in 35 x 50-cm mesh
hogs and soaked iii tepid water (39C) for 20 mm. After
removal from the lumen. Dacron bags were washed
immediately iii cold water in a top-loading washing
machine (it) total rinse cycles, 1 min of agitation and
2 nnui of spill per rinse: Cohlentz et al. 1997: Vanzaut
et. al. 1998). Four additional Dacron bags per experi-
mental forage were preincubated and rinsed without
ruminal incubation, thereby creating a. 0-h iicubation
tniie. After machine rinsing. residues were dried at SOC
and then equilibrated with the atmosphere iii the labo-
ratory before quantifying residual DM (Vanzant et al..
1996). To determine disappearance kinetics of CP. the
concentration of CP within each air-eqinlibrated resi-
due was determined by a rapid coinhuist ion procedure
(AOAC. 1998; method 990.03: Element or Americas
Inc.. Alt. Laurel .N 4). Concentrations of ND ICP for
each residue were quantified sinmilarlv following non-
sequential ext raction of -(I 0.5-g subsauiiple in neutral
detergent containing no sodium sulfite or heat-stable
(\-amvlase.

Percentages of CP or NDICP remaining at each in-
cubation time were fitted to the notilimmear regression
model of Mertens and Loften (1980) using PROC NUN
of SAS (SAS Institute, 1990), which partitioned CP or
NDICP into 3 fractions based on relative susceptibility

to rmuiiinal (hisappeillalice. Fractions A. B. mid C were
defined as the portions of CF or NDICP disappearing
at a rate too fast to measure, disappearing at niensur-
able rate. or unavailable in the runneim. respectively.
Fractions 13 and ( . lag time. and 1 1"' 1 were estimated
directl y frommm the nonlinear regression model. Fraction
A was then calculated as 100 (/( - (B + C). and effective
rmnniiial disappearance of CF or NDICP was calculated
as A + B x 'K,1/(K,1 + Np)] (Orskov and McDonald.
1979). where Np is passage rate (0.06/11: Hoffman et
al, 1993). Before calciilat big disappearance kinetics,
a subset (11 - 73) of iii situ m'esiduues selected wit hi
representation from all lows, forages. 011(1 incubation
periods was analyzed for concentrations, of purines by
the method of Zinm1 and Owens (1986) to assess levels of
microbial commtaiinnation. Purine concentrations- within
in situ residues were found to he negligible (overall
mean = 0.19 + 0.093 1X of DJ\1). and no corrections for
microbial contaminant N were u iade before calculating
kinetics of runnnal CP disappearance.

Regressions of CP, NDICP, and AD1CP
on HDD and MAX

Initiall y. data for each individual harvest (LM. L\l.
and HI\ I ) were anal yzed by independent ANOVA (data
not shown). However. the randomized fixed effects (hale
moisture and diameter) evahiat.ed throughout these
hay harvests affected C1 composition and rumuniuial CP
or NDICP disappearance primaril y I hrouiglm their close
relat iomisliip with heat imig characteristics that were sum-
marized t horoumgi dv in a previous report (Cohleiit z and
Hoffiiian. 2009a). Therefore. to simplif y the presei1t
tion of results. the ANOVA for each iiulividuial harvest
has been omitted and all data ale pooled and analyzed
collectively by direct regression on HDD or MAX.

Prior to comiductmg regression analses. poststorage
concentrations of' ('P. NDTC1. and ADI( 'P from the.
hale core were normalized as a simple mathematical
difference resulting from storage (poststorige - prestor-
age: ACP. ANDICP. and AADICP. respectively).
w	 mhere positive and mmegative values indicate increased or
decreased conceiitrat 10115. respectively. Normalization
of data was required to account for minor differences in
prestorage concentrations of CF. NDICP. and A DICP
(Table 1) across the 3 harvests. These baseline-adjuusted
response variables were then regressed against HDD
and f\ [AX using nonlinear regression models (PROC
NUIN: SAS Institute, 1990) of the general form V
b x (c )) a if AC'P. ANDICR or ADICP became
negative with spontaneous heating, or Y - a	 (b x
c ) if they hec'amne positive. For these model assess-
nient S. k was the rate constant, r was the independent
variable (HDD or MAX). and 0 and 1) were pmlralii-
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Table 1. Concentrations, of CP. neutral detergent insoluble crude protein NDTCP ) and acid detergent insoluble (Tilde protein ( ADICP
summarized from 96 round bales of alfalfa-orcharcIgrass hay froiti 3 I iarvescs' noah' during 2006 and 2007 at Marshfield. Wisconsin

Prestorage	 Poststorage surface
	 Poststorage ('ore

TI.i'iii
	 \lean 	 SE:'

	
1,l(,an2	 SE'1	 N1caii

	
\laxiiiniin 1 	\Iiinniun

CR %
HM
	

19.3
	

0.11
	

18.5
	

0.16
	

19.7
	

21.7
	

19.2
	

0.69
TM
	

16.6
	

0.12
	

17.7
	

0.13
	

18.1
	

18.9
	

17.3
	

0.43
LM
	

18.4
	

0.13
	

18.6
	

(1.23
	

19.2
	

19.9
	

18.5
	

0.50
NDICP, % i,f CP

HM
	

18.4
	

1)38
	

38.9
	

0.43
	

42.7
	

17.11
	

36.3
	

2.26
TM
	

21.9
	

0.34
	

32.3
	

0.86
	

32.9	 .11.9
	

22.9
	

2.78
LM
	

21.1
	

0.60
	

31.1)
	

0.80
	

30.4
	

39.2
	

22.5
	

3.08
NDICP, % of DN1

HM
	

3.5
	

0.08
	

7.5
	

0.09
	

8.5
	

9.3
	

7.4
	

0.37
TM
	

3.6
	

0.05
	

5.7
	

(1.15
	

5.9
	

7.3
	

4.2
	

0.50
LM
	

3.9
	

0.10
	

5.8
	

0.16
	

5,9
	

7.8
	

4.3
	

0.73
ADTCP, % of CP

HM
	

5.6
	

0.18
	

12.4
	

1)29
	

15.3
	

21.4
	

5.9
	

1.47
TM
	

7.3
	

0.30
	

8.7
	

0.19
	

7,9
	

9.2
	

6.2
	

0.71
LM
	

5.9
	

0.32
	

7.7
	

0.45
	

6.4
	

7.7
	

5.3
	

0.46
ADICP. V. of DM

ElM
	

0.05
	

2.4
	

0.05
	

3.1
	

4.2
	

1.2
	

0.32
IM
	

1.2
	

0.05
	

1.5
	

0.03
	

1.4
	

1.6
	

0.12
McI
	

0.06
	

1.4
	

0.08
	

1.2
	

1.5
	

1.1)
	

0.11)

'Harvest: HM lugb IiiIJiS) urc (26. 7 _46.6/c 1 . 1,%I = intermediate moisture (16.8 24.2 (/t). and LM = low moisture (1 9.3 17.3% ( .N unilxr of inter-
active treatments during cach harvest: HM = 13, IM = 12, and McI = 7. [Harvest HM contained 1 baling treatment made at 26.7% ninistini' at
the 0.9-in bale diameter onl y, whereas harvest LM contained a ilrv control mmmdc at 9,3% miiuisture and at the 1.2-in bale diameter onl y. These
additional treatments were made.at only 1 diameter hecausc' insufficient forage was available to complete the entire factorial arrangement of
treatments (hale diameters) at these moisture concentrations. Fach iithractive treatment represents the mean of 3 bales.] Total number of bales
made per harvest: TIM = 39. IM = 36, LM = 21.
2Overall mean of all interactive bale moisture x bale diameter treatments.

:'Standard error of the overall mean of all interactive hale moist ure X hale iliuinneter treatments.

'Ilaximumxx value across all interactive treatments.
Miniuiuui value across all interactive treatments.
Standard error uI the interactive mean.

eters determined directly by the regression model. For
nonlinear regression models, the independent variables
(HDD or MAX) also were squared in an attempt to
improve fit. Four other polynomial regression models
assessing linear, quadratic, cubic, and quartic responses
to HDD or MAX were evaluated by PROC BEG of
SAS (SAS Institute, 1990).

The selection of the most appropriate model for kinetic
characteristics of rumninal CP or NDICP disappearance
was assessed similarly. Fractions A. B, and C, as well
as lag time, K 11 , and effective degradability of CP, were
normalized across hay harvests by expressing each CP
kinetic parameter as a mathematical (baseline-adjusted)
difference resulting fi'oni storage (poststorage prestor-
age; AA, AB, AC, SLAG. AKd , and ARDP, re-
spectively). Respective kinetic parameters for ruminal
NDICP disappearancewere normalized in aim identical
manner (AND. ABND ACNI), ALAGND, KdND,
and ARDPND. respectively). Generally, selection of
the most appropriate model was based on the great-
est coefficient of determination (r2 or R): however.
polynomial regression models were not selected if time
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coefficient or slope for the highest-ordered term did not
differ from 0 or if the model included an illogical inflec-
tion in the regression curve that could not he explained
biologically. Regression techniques used in this project
are meant only to describe responses as a function
of HDD and MAX: they are not necessarily rigorous
enough to extrapolate beyond the context of this data
set or to serve as a direct basis for estimating values for
unknown forages.

RESULTS AND DISCUSSION

Protein Components

Concentrations of CP, NDICP. and ADJCP for the
HM, IM, and LM harvests are summarized in Table 1.
Data include concentrations of CP, NDICP, and ADICP
from samples obtained before storage, as well as those
from thethe 0.15-ni surface layer and the bale core after
the cessation of spontaneous heating (poststorage).

GP. Changes in ACP that occurred during storage
were related to both measures of spontaneous heating,
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HDD and MAX, in simple linear relationships char-
acterized by negative slopes but poor coefficients of
determination (r2 > 0.122; Figures 1A and lB for HDD
and MAX, respectively). Overall, the mean ACP for all
32 haling treatments was 1.0 + 0.67 percentage units,
thereby indicating that bale storage, or spontaneous
heating, or both exhibited a concentrating effect on
CP. This response has been attributed to a short-term
preferential oxidation of carbohydrates from the hay
that increases concentrations of CP indirectly (Rotz
and Muck, 1994). Previously, Broderick et al. (1992)
reported a mean increase of 2.6 percentage units of CP
throughout 15 trials comparing baled hay and stand-
ing alfalfa forage. Siniilar responses have been reported
for bermudagrass hays packaged in small rectangular
hales (Cohlent. z et al.. 2000; Turner et al.. 2002): these
responses included a positive linear association between
concentrations of CP and MAX (range = 40.2 61.8°C),
but not with HDD (Coblentz et al., 2000). Other stud-
ies (Montgorriery et al.. 1986) have reported relatively
stable concentrations of CP within large round bales of
alfalfa-orcharcigrass hay during storage; however, sonic
of these inconsistencies may he related to storage time.
For long-terni storage (6-9 mo), losses of carbohydrates
slow over tinie, but CP may be lost at a continuing
rate of approximately 0.25 percentage units of CP per
month through volatilization of ammonia or other N
compounds (Rotz and Muck, 1994).

NDICP. Traditionally NDICP has not beer' used
as an indicator of heat damage to forage proteins, al-
though it is made up (in part.) by Maillard products
formed as a consequence of spontaneous heating and
has been known since early work (Goering et al., 1973)
to increase with heating. Despite limited attention.
NDICP may have considerable relevance because CP
that is insoluble in neutral detergent but soluble in acid
detergent is assumed to he resistant to runiinal degrada-
tion but may retain bioavailahility within the.the rununanit

(Sniffen et al.. 1992). For the 32 heated hays in the
present study, concentrations of NDICP ranged from
18.4 to 21.9% of CP immediatel y after haling and from
22.5 to 47.6% of CP in samples obtained from the bale
core immediately after storage (Table 1). The relation-
ship between ANDICP and l-IDD (Figure 2A) was best
fitted to a nonlinear model that became asymptotic at
+24.9 percentage units of CP. when approximately 775
HDD were accumulated. The associated coefficient of
determination was high (H 2 = 0.892) and was maxi-
mized by squaring the independent variable (HDD).
The regression of ANDICP on MAX (Figure 213) also
increased in a, nonlinear pattern but was best fitted to
a quadratic model with a somewhat poorer coefficient

of determination (H 2 = 0.716). Previously, concentra-
tions of NDICP were observed to he related linearly to

measures of spontaneous heating within bemniuda.grass
hays (Cohlentz et al.. 2000; Turner et al.. 2002). The
linear nature of those responses, which were conducted
with small rectangular bales that did not accumulate
more than 327 HDD based onon a 35°C threshold. is not
necessarily in contrast with the curvilinear responses
noted in time present stud y. For instance, arbitrarily
limiting our regression of NDICP on HDD to baling
treatments accumulating a comparable number of HDD
(<400) yielded a significant (P 0.001) linear relation-

ship (Y = 0.019 x + 0.5: II = 19; r 2 = 0.781: data not

shown).
ADICP. Mean concentrations of ADICP across the

LM. IM. and HM hay harvests ranged front 5.6 to 7.3%
of CP before storage, which is consistent with other
reports for ADICP in its native form within alfalfa for-
ages (Hoffuiau et al.. 1993: Coblentz et, al., 1998). After
storage, concentrations of ADTCP ranged from 5.3 to
21.4% of CP (Table 1); the greatest concentrations of
ADICP were approximately 3 tunes those reported in
other studies with heated alfalfa hays packaged in small
rectangular hales (Collins et al.. 1987; Coblentz et al.
1996), and doubled the traditional threshold of 10%
of CP used frequently to (.Iefume severely heat-damaged

hays.
Regressions of AADTCP on IIDD (Figure 3A) and

MAX (Figure 313) both exhibited curvilinear responses
that, included relatively slow accumulations of A DICP
over modest heating increments (<400 HDD or 55°C
MAX) followed by rapid increases thereafter. For the
regression oil data were best fitted to a nonlinear
model in which the independent variable was squared to
improve fit. Unlike the regression of ANDICP on HDD.
LADICP continued to increase over almost the entire
range of HDD. and the response curve (lid not became
asymmiptotic until approximatel y I .675 HDD were ac-
cumulated, where AADICP = +14.9 percentage units
of CP. In contrast, a quartic response was observed
with MAX as the independent variable. Howeveri the
relationship was similar to that described for I-IDD;

ADICP increased slowl y when MAX was <55°C hut
then accumulated at a rapid rate thereafter. Coefficients
of determination were extremely high (H2 > 0.931) for
both regressions, thereby corroborating a close, largely
cause-and-effect relationship between ADICP and heat.-
jug that has been established pre\io1msl' within model
ssteimis (Goering ci. al.. 1973; Middleton and Thomas,

1983).
The high R 2 statistics observed in I his study are con-

sistent with other st.imdies relating ADICP amid measures
of heating for small rectangular bales of alfalfa (Cohlemmtz
et al., 1996) and bermudagrass (Cohlemit . z et al.. 2000).
Whemm small rectangular hales have been used as the
experimental model, the relationship between ADICP

Journal of Dairy Science Vol. 93 No. 3, 2010
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and measures of heating has been both positive and liii-
ear (Cohlentz et al., 1996; Coblentz et ad., 2000 Turner
et al.. 2002). Similarly, Collins et al. (1987) reported
positive linear relationships between ADICP and initial
moisture concentration (mean = 22.5%) for both small
rectangular and large round bales of alfalfa. Moisture
content at baling is the major factor influencing ten-

perature development, DM loss, and associated delete-
rious changes in stored hays (Rotz and Muck, 1994)
and can he related directly to the heating characteris-
tics observed within hay bales (Coblentz and Hoffman.
2009a). Our curvilinear responses illustrated in Figures
3A and 3B differ from the linear responses observed
in previous studies. but they are ultiniatelv similar to
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Figure 1. Non Imear regressions ofthe :iianges iii col icentrations of CP (pnststnrage - pre.t rag(': .(P) on A) heat ing degree das>30 '('
and B) Inaxiunnn liii i:riial l)aIe temperature. The mean prestorage concentration of ('P (weighted on the basis of the nuniber of treat uui(nts frnni
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response curves relating ADIC 1 P anti externally applied associated negative correlation coefficient (-047: P <
heat treatnient (40 100 C C for 21 Ii) for oicliardgrass 0.01) sununarized over several laboratory-scale studies.
hays hydrated artificially o 53(/ illoisture in glass jars Heinicellulose and soluble carbohydrates, l)artidularly
(Goering et al.. 1973). Furthermore. those authors also sucrose. are thought to be among the most reactive
reported sharply clecreasiig concentrations of lienucel- carboh ydrates involved in the Maillard reaction (Van
lulose coitcomit ant wit Ii iicreascs in ADICP. and an Soest.. 1982: Van Soest and Mason. 1991). Under field

A

Figure 2. ld'gr sajoits of the (flanges ill ('Oii('(ilt rtt iolls of in iiriil iletergeiit insoluble ('1' (post storage - I)iesIotilge:\sDICP) oil A) heat
jog degree dove >30` C and B) inaxmiiini internal 1>110' l.eniperatlire. 1111 1110011 pll'StOrlIge concentration of NDT('P (weighted on the basis of the
number of treatments front the low-iiioist Ole. i iternits hate-moist ore, and logO-moisture harvests) was 20.31/ 01 (1) . whidl corresponds geiierallv
to .NDI('P = II on the v-axis.
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conditions, this inverse relationship between liernicellu-
lose and ADICP has rot always been observed iii hays;
Coblentz et al. (2000) reported linear increases in con-
centrations of both hernicellulose and ADICP within

heated berinudagrass hays packaged in small rectan-
gular bales incurring between 25 and 327 HDD during
storage. Although not analyzed statistically. increased
ADICJ? was not accompanied by sharp reductions in
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B	
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Figure 3. Regression curves illustrating the changes in concentrations of acid detergent insoluble CP (poststorage - prestorage: iADICP)
and heiiiicellulose (HEMI) as affected by A) heating degree clays >30C and B) Inaximuni internal bale teiciperatlire. The mean prestorage
concentrations of ADTCP and bemicellulose (weighted oil basis of the number of treatments froni the low-moisture, intermediate-moisture.
and high-moisture harvests) were 6.3% of CP and 15.1% of DM, respectivel, which correspond generall y to AADICP = 0 and AHEMI = 0
on the y-axis. Data for ADICP are represented by solid black circles for individual baling treatments and a solid black line for the regression
equation. For LHEMI. regression curves are represented 1w solid gray lines. Regression equations fir \HEMI have been described in detail
previously (Cobletitz cm( Li Hoffman. 2(11)91)).
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lieiiiicellulose (approximated as NDF ADF) within
laboratory-scale or conventional rectangular bales of
alfalfa that heated spontaneously (Coblentz et al..
1996) or within small 120-g lots of alfalfa hay that were
heated by steam (100-130C) or forced air (130 160°C;
Yang et al., 1993).

Based on the results of the present stud y, there may
he several reasons for these apparent discrepancies.
Under conditions of iniodest spontaneous heating (<400
HDD or 55°C MAX). AADICP likely increased slowly
via volatilization of ainnionia from the hay (Rotz and
Muck, 1994) and also by contributionsof I\Iaillard
products that accumulated at a relatively slow rate.
Over the same ranges of heating, changes in concen-
trations of henucellulose as a result of storage (post-
storage - prestorage: HEMI) became increasingly
positive in these same bales. reaching maxima at 347
HDD or 57.5°C MAX (Cobleiitz and Hoffman. 2009b).
The mechanism for these responses was likely indirect.
probably occurring because hemicellmilose remained
largely inert whereas nonst rin't ural carboh ydrates were
the primary and preferential carboh ydrates being oxi-
dized. At greater HDD or MAX. AADICP increased at
a much faster rate because the suppl y of nonstructural
carbohydrates was largel y exhausted and hemicellulose
likely became a. secondary reactive carbohydrate; as a
result. AHEMI decreased sharply (Coblentz and Hoff-
man. 20091)). These diverse responses for AHEMI are
superimposed over regressions of AADICP on HDD or
MAX (Figures 3A and 313): most notably. the inverse
relationship between AADICP and AHEMI for large
round hales that incurred the most severe spontaneous
heating agrees closely with the early work of Goering
et al. (1973). Although that earl y work continues to
serve as the foundation for much of the theor y explain-
ing heat damage to forage proteins, our results suggest
that their laboratory research model was consistent
out

'
N r with conditions of severe spontaneous heating in

large hay packages that are likely unattainable if small
rectangular bales stored in sniall stacks are used as the
experimental unit or model.

In Situ Disappearance of CP

Kinetic parameters associated with rununal in situ
disappearance of CF from our spontaneously heated
hays obtained from HI\1 and 1I\1 harvests are sumnia-
rized in Table 2. Data also include composite hays from
the HM and IM harvests that were sampled before stor-
age. and therefore represent unheated controls.

Fractions A, B, and G. Respective prestorage
concentrations of fraction A from the HM and TM liar-
vests were 42.7 and 39.5% of CP (Table 2), respectively.
which agrees closely with an estimate for mid-maturity

grass-legume hay wit It a majorit y percentage of legumes
(42.4% of CP: NRC, 2001). Frestorage values for frac-
tion B (44.1 and 47.5% of CP for hIM and IM harvests,
respectivel y ) also were within proximity to NRC (2001)
estimates ( . 1. 1% of CP). but observations for fraction C
(12.9 and 13.0% of ('P for HM and IM harvests. respec-
tively) were 36% greater tItan published tabular values
(NRC, 2001). Regressions of AA, Aft and AC on IIDD
all were curvilinear (Figure -IA), hut the specific model
for each fraction varied. The relationship between AA
and HDD was best fitted to it qua.rtic model exhibiting
a very high coefficient of determination (112 0.919).
In general. AA decreased with modest heating and was
largely negative at <400 HDD. As heating became more
extreme (>400 HDD). AA became positive, increasing
sharply to a mu-ixiinummn of +12.4 percentage units of
CF at 1.997 111)1). Generall y, AB exhibited a mirror-
opposite response that also was explained b y a quartic
model (112 - 0.94). This response hecammie mcreasinglv
negative wit Ii severe heating. i'eachiug a mnininnmuii of
—14.1 percentage units of CF. Although AC was best
fitted to a nonlinear regression model in which IIDD
was squared, tIme overall fit was poor (R 2 0.337). Gen-
erally. AC exhibited a i'elativelv narrow range (-1.1 to
3.9 percentage units of CT) and remained positive for
most hays (overall mean = 1.0 + 1.13 percentage units
of (P) . thereby indicating that the pool of CF unavail-
able in the riuiiemm generally increased w'ith spontaneous
heating. but these responses were challenging to (lefifle
mat. hiemnat icalhv and relativel y minor in scope compared
with responses observed for AA and AB.

For regressions on MAX (Figure -IB). AA and AB
again exhibited mirror-opposite responses. In each
case, data were best fit to a quadratic model in which
AA and AB becauime sharpl y positive and negative,
respectively, particularly when MAX >60°C. For both
response variables. the regression model again ex-
plained very high proportions of time variability within
the data (H 2 0.901). For AC. the quartic regression
model exhibited a substantiall y improved coefficient of
delerminat ion (fl2 = 0.612) relative to the uiomiliumear
model with HDD. In practical terms. this response (lid
not differ substantiall y from thatthat observed for HI)D
because it largely explained relatively minoroscilla-
tions for AC that remained slightly positive over most
of our range for MAX. Taken in total, these responses
suggest that most of the changes in partitioning of CP
among various pools based on susceptibilit y to m'unnnah
degradation occurred between fractions A and B. and
that fraction ( was affecte.l imminimahlv by spontaneous
heating.

Previous research measuring shifts in C P fractions
iii response to heal iuug. or conservation as hay. or both
have Yielded inconsistent results. Using an inhibitor in
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Table 2. In sit U disappearance kinetics of ('P for 20 haling treatments selected froni the high- and intcrniediate-i no(s) ire harvest , , 1

Fraction. g of CP
Bale	 Initial hale	 HDD.	 MAX

	
Lag	 IIDP.1Y

diameter. III	 mmiiiisture. A	 d	 C
	

C	 time. Ii	 1,. /li	 of PP

High-moisture harvest

2
3
4
5
6

9
10
11
SEI\I

Intermediate-moisture harvest
12
13
14
15
16
17
18
19
20
SF.M

Prestoragc composite

	

0.9	 17.1

	

1.2	 11.5

	

1.2	 18.9

	

1.5	 16.8

	

1.5	 22.0

	

1.5	 20.3

	

1.5	 24.2

	

1.2	 22.8

HDD = heating degree days >30'C that were icciuiiulated duringig bale storage. MAX - iii ' mum internal bale temnpc'ratmire. Fraut hius: A =
fraction of total PP pun1 disappearing at a rate too riiiad to mma'usnrc: B -. fraction id tolal (P 11(101 disappearing ill 0 measurable ale: C
fraction of total PP pool unavailable in the rumen. N = fractional rate comisi lU it
8ymufl1)ers are assigned arbitrarily and denote individual hissing treatments evaluated liv insitu niethods.
•ipalculate(i as A + B >< [(K 5 a- Np) /1K 1 ]. where Np was 111c ruininal passage rate, which was arhilrarilv si) ii) 0.06/li (Hofftnaii et oh.. 1993).
Composite equally weighted with sample obtained inunediatelv after haling froni ha ys 2 through 11.
'Composite equall y weighted with sample obtained immediatel y after haling fromri have 1:3 I hiroiighi 20.

vitro technique. Broderick et al. (1992) observed small
increases (2.4 percentage units of CP) for fraction A in
alfalfa hays as compared with lyophilized fresh forage.
Conversely, fraction B decreased with conservation as
hay by a similar amount. Using similar methodologies.
Yang et al. (1993) observed decreases for both fraction
A and B within alfalfa, hays heated externally (forced
air or steam) relative to unheated control ha ys. For
hays that have heated spontaneousl y. Coblentz et al.
(1997) reported greater concentrations of fraction A
in alfalfa bales sampled before storage compared with
those incurring minimal spontaneous heating; however,
when prestorage hays were not considered. fraction A
increased linearly with HDD at a rate of 0.027 per-
centage units of CP per TTDD. Inverse relationships
were observed for fraction B, which agrees with our
current work (Figures 4A and 4B). Finally, McBeth et
al. (2003) reported that fraction B did not differ anlong
berinudagrass hays packaged in small rectangular hales
and incurring 5 to 401 HDD during storage. Although
fraction A differed among those same hays, responses
were confined to relatively small oscillations within a
narrow range that were of questionable biological rcl-
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evance. Although our diver ging responses for AA and
AB are consistent with those reported by Coblentz oh.

al . (1997), there are a ('ouple of obvious differences.
First, our continuum of heating (either HDD or MAX)
extended well beyond that reported previously. Second.

A reached a maximum of +12.4 percentage units of
CP in the most severel y heated hays. which is a far
greater change than reported in other studies.

Lag Time. Lag times determined from the rutninal
nonlinear decay model increased with spontaneous heat-
ing but varied erratically (0.57 + 0.521 h) with IIDD
or MAX (data not shown). The regression of SLAG
on iJDD was best fit to a cubic model that explained
approximately half of the variability within the data (Y
= -0.0000000018x t + 0.0000051x 2 - 0.0037x + 0.93:
R2 = 0.570). In contrast. SLAG could not be related
to MAX by quartic, cubic. quadratic, or linear models
(P> 0.059).

K 1 . Estimates of 1 11' 1 determined on a, prestorage basis
were 0.167 and 0.173/h for the HM and IM harvests.
respectiestimatesy (Table 2). These estimates are slightly
greater than reported for mid-niaturity legume-grass
mixtures comprised predominantly of leginne forage
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(0. t55/h: NRC. 2001) hut soniewlial slower than re- hecanie sharply negative while I IDD <1,000 and MAX
ports for earl- to mid-bloom alfalfa (0.213/li. Coblent.z <G0C. thereb y indicating a reduced degradation rate
et al., 1998 0.210/h. lloffnian et al.. 1993). Regres- for Cl'. At more intense heating increments. ZNK, j either
sions of AKd on IIDD (Figure 5A) and MAX (Figure stabilized or increased slightly. The erratic observations
5B) both were best fit by cubic models in which AK, j of T\, j at the most extrenie levels of heating precluded

Figure 4. Regressions illiist rating the changes (poststorage - prc torage) for percentage of (P (lisal)pearing from Dacron bags at a rate too
rapid to measure (AA: solid black circles, thick black line), at a nieuisureiiblc rate ( B: solid gray circles. I lick gray line), and nnavuuilal,le in the
romeo (.:W': open circles. finn black line) from alfalfa-orchardgrass hays as affected liv A) heating degree days >30°C and B) uia.xnnum internal
bale temperature.\lean prestorage concentrations of fractions A. B. and C (weighted on the basis oft lie uinmher of treatments from the uiternie-
diate-inoisturu' and high-moisture harvests) were 11.3. 45.8. and 12.9 of CP, respectively, winch correspond generall y to .A.A. A13. and AC = 0
oh the y-axis. For panel A. regression equations are defined as follows. A: Y - 0.00000000601•lx' 0.000000058.x : ' + ' 0.000074x	 0+24x + 1.4.
R2 - 0.919: B: Y = —0.000000000014x' + 0.000000055x 1 - 0.000064x2 + )).015x - ().1. 132 - 0.894: AC. Y = 1.97 x (e	 °	 .15
R = 0.337. For pun! B equations are defined 'is follows. 	 - ().()18X2	 1.80X	 11 C) ft = 1) 91)1	 B	 0 ))12' -i- 110'.. - 23. 6. R
= 0.923: 1\C: Y = 0.00010x4 - 0.025x 1	2.2 lx' - 87.6x + 1,263.1. 132 = 0.612.
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selection of a nonlinear decay model that establishes an
asymptote., thereby differing from observations associ-
ated with disappearance kinetics of DM (Cohlentz and
Hoffman, 2009a) and NDF (Cohlentz and Hoffman,
2009b) for these hays. However, AK 1 for ruminal disap-
pearance of CP was related closely to both HDD (R2
= 0.939) and MAX (R2 = 0.876), which was consistent
with the previously defined relationships for disappear-
ance rates of DM and NDF from these hays. It is not
clear whether the relatively small and erratic increases
in AKd when HDD >1,000 or MAX >60°C that re-
sulted in optimum fits for cubic regression models re-
flect biologically meaningful changes in disappearance
kinetics of CP or whether these unexpected responses
simply reflect the imprecise nature of the measurement
and mask what is effectively an asymptotic response for
AK 1 within severely heated bales.

Previously, Kd has been shown to decrease linearly
with HDD in alfalfa hays (Y = -0.00017 + 0.139; r 2 =
0.856: Coblentz et al., 1997). Although the relationship
between 2iK, 1 and HDD was curvilinear in the present
study (Figure 5A), arbitrarily confining our data to
<400 HDD yields a regression that is likewise linear (P
< 0.001: ri = 8; Y = -0.00021x + 0.004; r 2 = 0.904)
with a slope that is similar to that reported previously.
Restricting HDD to <400 establishes a range that is
comparable to that observed for conventional (approxi-
mately 45-kg) rectangular bales of alfalfa hay stored in
small stacks (Cohlentz et al., 1996). The relationship
between AKd and HDD begins to lose its strictly linear
character when bales that accumulated between 400
and 1,000 IIDD are included in the regression model
(n = 14; Y = 0.00000013x2 - 0.00023x + 0.003; R2 =
0.937); this degree of heating is still easily attainable
under field conditions for large round or large rectan-
gular hay hales. Slight increases in AK, l were observed
only in the most severely heated hales (HDD >1,000)
that would likely result only under the most extreme
conditions of (poorly managed) commercial hay pro-
duction. For MAX, a close linear relationship (n = 9:
Y = -0.0074 + 0,326: r2 = 0.804) between AK 1 and
MAX was observed when MAX was confined arbitrarily
to <60°C. In total, these data suggest that within the
range of heating most relevant to production situations,
the inverse relationship between K 1 and measures of
spontaneous heating is primarily linear. Furthermore,
the consequences of this relationship are practically
relevant; relative to prestorage estimates, the heating
increment required to reduce K 1 by 50% occurred at
about 500 HDD or 60°C MAX, both of which are easily
attainable under field conditions.

RDP. Prestorage estimates of RDP from the Hl\I
and IM harvests were 75.1 and 74.6% of CP, respec-
tivelv (Table 2). which is slightly less than the NRC
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(2001) estimate (79.0% of CP) for this forage type. The
ARDP of poststorage hays decreased sharply(Figure
6A) with modest heating, reaching a mniuiuiuni of 7.9
percentage units of CP. However, ARDP increased
thereafter to the extent that the mean ARUP of the 4
most severely heated hays was about -2.6 percentage
units of CP. This response was best fit to a. cubic model
with a relatively high coefficient of determination (R2
= 0.802). In contrast, the regression of ARDP on MAX
(Figure GB) was best fitted to a quadratic model, al-
though the coefficient of determination was slightly
reduced (R 2 = 0.734).

In practice, regressions of ARDP on TIDD and MAX
exhibited many characteristics similar to those observed
for AK 1 (Figures 6A and 611). The most important of
these is the strict linear nature of the relationship when
HDD <400 (n = 8: Y = -0.018x + 0.7: 2, = 0.925)
and when MAX <60°C (r = 9; Y = -0.63x + 28.2: r2
= 0.806). For HDD, the slope within this limited range
is identical to that reported previousl y for alfalfa hay
packaged in laboratory-scale or conventional rectan-
gular packages (-0.018 percentage units of CP/FIDD:
Coblentz et al., 1997). The overall regression relation-
ship for ARDP on HDD began to exhibit significant.
quadratic character when the pool of baling treatments
was widened to include those with <1,000 HDD (ii
14; Y = 0.000015x 2 0.022x + 0.8: R2 = 0.913). For
the 4 most severely heated hays (HDD >1,000). ARDP
increased substantiall y, largely because of concurrent
increases in AA. Fraction A is assumed generally to be
immediately available in the rumen: however, it also
can include physical leakage of rumen-unidegraclable
CP from Dacron bags (Broderick, 1994). For severely
heated hays in this study, it remains unclear whether
the observed increases in ARDP are relevant in vivo or
whether the severity of the treatments simply exceeds
the reliable limits of the in situ method.

In Situ Disappearance of NDICP

Fractions A ND, BND, and CND . On a prestorage
basis, fraction AND made up 0.4 and 0.04 of the total
pool of NDICP (Table 3) for the HM and IM harvests,
respectively. These values are consistent with those
made previously for leaf, stem, or whole-plant alfalfa
(Coblentz et al., 1999; Ogden et al.. 2006). Theoretically.
NDF is insoluble in water (Van Soest. 1982); therefore.
CP associated with this NDF should he fully recover-
able following machine rinsing of 0-h in situ bags. In
reality, NDF often is incompletel y recovered following
machine rinsing during in situ evaluations, especially
when the forage under consideration is comprised of
relatively immature cool-season grasses (Hoffman et al.,
1993; Flores et al.. 2007: Coblentz and Hoffman. 2009b).
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Although the HM and TM harvests contained 31 and
22% vegetative orchardgrass. respectively, and fraction
A associated with ruininal disappearance of NDF for
these hays made up 14.0 and 16.0% of the total NDF
pool (Coblentz and Hoffman. 2009h), our data suggest
that the CP associated with this NDF pool was full
recovered after niacliine rinsing of 0-li bags.

Before storage. fraction 13\t) made up 88.8 and 87.6%
of NDICP for the HM and TM harvests. respectively.

These percelitages of the \DIC'P pool were ('01 isidei'-
abl greater than those reported in oIlier sI inlies for
alfalfa (6.7%. (/oblentz et al., 1990: 9.0 (4. Ogden
et al., 2006) but were similar to an estimate for veg-
etative orchardgrass hay (88.0%. Ogden et al.. 2006).
Fraction C \0 . which represents CT bound within the
NDF matrix that is not available \vitlnhl the n.unen,
iiiade up 10.8 and 12.4(/( of the NDICP pool for HM
and IM harvests. respectivel y. As observed for fraction

A
0.025

0.000

—0.025
-C

—0.050

—0.075

—0.100

Y = -0.000000000071x 3 + 0.00000026x 2 - 0.00029x + 0.008
R2 = 0.939

400	 800	 1200	 1600	 2000

.	 5
•	 •
•	 5

B	
Heating Degree Days > 30°C

0.025
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—0.050

—0.075

—0.100

50	 55	 60	 65	 70	 75	 80

75x 3 + 0.0016X2

•5
Maximum Bale Temperature, °C

Figure 5. Regressions of the changes for rununal in situ disaj)p route rail' of ('P (1oststorage - reto1'c1ge: K 1 ) on A) heating degree
lis >:30'(' and B) muaxilnum internal bale temperature. The mitcait prcst Orage 1' wctgl itt'd ttii (hit' Imsis at I lie tim nber at I reat nn'nts selected

from the intc'rinediate-moisture and high-moisture harvests) was 0.169/11. which correspolo Is gels 'rttll\ lo ..\K = I on the
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B\p. these percentages of the total NDICP pool more
closely niatch those reported previously for vegetative
orchardgrass hay (9.3%; Ogden et al., 2006) than for
alfalfa forages (34.2%. Cohlentz et al., 1999; 41.0%;
Ogden et al., 2006).

As a consequence of spontaneous heating. SA ND in-
creased linearly (r 2 = 0.778) with HDD (Figure 7A),
reaching a maxiniurn of +23.8 percentage units of
NDICP in the most severely heated hay (1.997 HDD).
For the regression on MAX (Figure 713) the data were

best fitted to a quadratic regression model that exhib-
ited a coefficient of determination (R 2 = 0.764) similar
to that observed for HDD. In contrast. ABND generally
decreased as IIDD or MAX increased and became most
negative in severel y heated l lays, reaching  minimum
of -22.3 percentage units of NDICP. Regression rela-
tionships between B\1) and HDD or MAX were cur-
vilinear in both cases. For i-IDD, data were best fitted
to a quartic model (B 2 = 0.840). whereas the regression
on MAXMAX exhibited a quadratic response (112 	 0.795).

Maximum Bale Temperature, °C

Figure 6. Regressions of the changes in effective ruiwnal disappearance of ('P (poststoragc' 	 prcsloragc: RDP) on A) heal iii depgwc
clays >3(1°C and B) maximum internal bale teinperat lire. The mean RDP of CP (weighted on the basis of the number of treati a 'it fir   lie
nitcrirtediate-moisture and high-moisture harvests) was 74.% of ('P. v1nc1i corresponds generall y 10 .RDP	 0 on the -axis. Effect ice ( li'griil-
a hilitv was calculated on the basis of a ruininal passage rate of 0.060/h.
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illt('rlIl('(liull ('-lillOsi ille lIaIv('st'

Fraction.
of N1)l('11
	

11l)IF.1

Bale	 Initial hale	 IJD[)
	

MAX.	 ins,	 If
(lilllmeter. Ill	 lIlois) Ill. ii	 (I

	
('	 A511	 B 511	 (5)	 time. It 	 /11 NDICP'	 i ml ('I'

High-u oisti ire I invest

6

8
9
10
11
SE.\ I

lot erinei 01 e- moist (Ire harvest
12
13
111
15
16
17
18
19
26
SEM

I O'esl.ormmge colnp()site
0.9	 26.7
0.9	 38.7
0.9	 41.9
1.2	 30.9
1.5	 32.1
1.2	 39.4
1.2	 43.5
1.5	 38.7
1.5	 40.1
1.5	 46.6

Prestorage composite
(00	 17.1
1.2	 17.5
1.2	 18.9
1.5	 16.8
1.5	 22.0
1.5	 20.3
1.5	 21.2
1.2	 22.8

I IIDD = heating degree days >30'C that. were accumulated (luring hale storage. M  = maxinnun internal hale telimperat ore . Fractions: Ax[)
= fraction of total NDICP p1 disappeari is, at a raft 10(1 rapid to measure: B- ) = fraction of total NDICP pool disappearing at a mILemlsumrmlI)Ie
rate: (i511 = fraction of total NDI('P pool unavailable in the rumen. Is, 1511 = fractional rate constant for NDI(P. 13DP 5- = rumen-degradable
neutral detergent insolul,le (_'P.
2Numbers are assigned arbitrarily and denote individual having treatments evaluated by in sill limo 110115.

1 f1DP 511 cmll(-tllat('d as A 5 n + 1351) x [(iK, 1 .ç 1> + Kp)/Nwr11. where Kp was the ruminal passage rate. which was arbitrimrml set at 0.06/h (Hoffinan
ct al.. 1993).
ii Dl 51 , expressed as a percentage of NDICP.
RL1P 51 > expressed as a percentage of the entire pool of CP within the hay.
'Composite equall y weighted with sample obtained munediatelv after billing (prestorage) front 	 2 through 11.

TConmposite equall y weighted with sample obtained innnediatelv after baling (prestorage) front 	 13 through 20.

I\lcBetli et al. (2003) also reported aniinerse relation-
Situ) between fraction B \)) and HDD for bermudagrass
has packaged in small rectangular bales. although
the inaxiinuin accumulation of 401 I-IDD was less than
observed in the present stud y. Over the entire ranges
of HDD and MAX. AC 511 remained negative (overall
mean = -2.5 ± 1.35 percentage units of NDICP), in-
dicating the percentage of the total NDICP pool that
was unavailable in the ri.mieii decreased minimally with
spontaneous heating. Regressions of AC \[) oil
and MAX both were fitted to complex qilart.ic models,
but the biological relevance of their complex nature is
questionable given the limited magnitude and narrow
range of the estimates.

Lag Time. Regressions of ALAG 5[) oil and
MAX were both curvilinear (data not shown): for
HID ED. the best model was quadratic (Y = 0.00000095x2
- 0.0025x ± 0.65: R2 	 0.478). whereas a nomiliieam'

model explained the greatest proportion of the response
-	 - -0.111)1(d) 5 s " xfor the regression oil MAX (t = 11.7 x (e-e

- 0.79: 11,2 = 0.503). Generally. ALAC 5I1 was mostly
positive for baling treatments incurrin g <400 HDD or
<55°C MAX but then decreased and remained negative
at all greater increments of spontaneous heating.

K, ) . Prest urage estimates of K 1 .5-0 were 0.230 and
0.231/li for 11MI anti IM harvests, respectively (Table 3),
which are modestl y faster tItan 2 previous determina-
tions for alfalfa forages (0.138/li. Cobleutz et al.. 1999:
0.150/li. Ogden et al.. 2006). Regressions of AKd \ l) on
both HDD and MAX were best fitted to nonlinear (Ic-
cay models (Figures 8A and SB) in which residuals were
niumiinmized without squa.r ig the independent. variable.
For regressions oil HDD and MAX. AKIND was
closely associated with spontaneous heating, exhibiting
respective 11,2 statistics of 0.792 and 0.833. Within these
regression rt'latioiislnps. AK,4\[) became asymptotic at
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Figure 7. Regressions illustrating the changes (post storage - prestorage ) for percentages of neutral detergent insoluble (11° (N DI( -'P ) dis-
appearing from Dacron bags at a rate too rapid to measure (A ND : solid black circles, thick black line), at it nieasureahle rate (M3 ND : solid
gray circles, thick gray line), and unavailable in the ruineD (C\ 0 : open circles, thin black line) from alfalfa-orchardgrass has as affected by
A) heating degree days >30CC and B) maximum internal bale temperature. Mean prestorage concentrations of fractions A ND . B ND , and C50
(weighted on the basis of the number of treatments from the interniediate-moisture and high-moisture harvests) were 0.2, 88.3. and 11 .5%  of
NDICP. respectively, which correspondenerallv to SA ND . B\0 . and CND = 0 on time y-axis. For figure A. regression equations are defined
as follows. AND: Y = 0.010x - 1.3. R- = 0.778: BI D : Y = —0,000000000025x 1 + 0.00000010x 1 - (J.00012x2 + 0.042x - 0.0, R2 = 0.840;

C \1)	 = I) 0000000000073'.' 0000000031'.' 	 0000041x	 0017'. 1 2 R = ()421 For h,umc B equations are defined its follows. _&'
Y = 0.0311x	 3.08x + 80.3. R = 0.761: B \[) : Y = —0.033x + 3.44x 86.3. R. 2 = 0.705: (\: Y = 0.000079x' 0.020x' ± 1.93X2 80.6x
+ 1.243.1. fli = 0.800.
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-0.117 and -0.13/h for HDD and MAX, respectively.
This represents at least a 50% reduction for K 1 y )) rela-
tive to hays sampled oil prestorage basis. However,
even in hays incurring minimal spontaneous heating,

TdN1) was reduced by -0.029/h, which is a reduction
of about 13% relative to prestorage controls and indi-
cates that K I N D is reduced during storage. even without

meaningful heating. Inn previous report . decreased
froni ().6 to 0.036/li for bern tudagrass hays incurring
between S and 401 HDD during storage (McBct hi ci al.,
2003), which is consistent with our observations.

RDPy 1) . Calculal ed at a 0.06/li passage rate. our
estimates of RDP\ j) for prestorage controls were 70.7
and 69.4% of NDICP for the HJ\I and TM harvests,

A
0.000

-0.025

-0.050

z

< -0.075

-0.100

-0.125

B
0.000

-0.025

-0.050

-0.075

-0.100

-0.125

Figure 8. Hegi esslol is of the changes for ruirunal iii situ I I ippea rauce rate of iiei it ral detergent i 051)1 ul )le (P NDI( P ) (p at si orage -
prestorage: K-) ) on A heating degree days >30°C and B) niaxiimml internal bale temperature. The iiieau prest oriige KJ\l) (w( ,ighted on the
basis of the number of treatments selected from the internicrliate-mnoisttire and high-moistore harvests) was 0232/li, which corresponds generally
to	 = 0 on the v-axis.
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respectively. These estimates indicate more extensive
rurninal disappearance than has been reported previ-
ously for alfalfa forages (43.5% of NDICP, Cohlentz et
al., 1999: 50.5% of NDICP. Ogden et al., 2006). but the
observations are consistent with a previous estimate for
vegetative orchardgrass hay (72.1% of NDTCP, Ogden
et al.. 2006). Regressions of RDP'ç0 on HDD (Fig-
ure 9A) and MAX (Figure 9B) described a decreasing
trend for ARDPND as heating increments within hales

became greater. which is consistent with observed re-
spouses in other work (McBeth et al.. 2003). Data were
best fitted to a quadratic model for HDD and a non-
linear decay model for MAX that required squarin g of
the independent variable. In the latter case. ARDP\j)
became asymptotic at -5.8 percentage units of NDICP.
Unlike the regressions of with HDD or MAX.
the distribution of data points was somewhat erratic,
resulting in greater residuals and depressed coefficients

Figure 9. Regressions of the changes in eficci l ye runilnal disappearance of neut ral detergent insoluble CP ( NDTCP ) (poststorage - prestor-
age: RDP\- fl ) on A) heating degree (lays >30C and B) lnaxinnnn internal bale temperature. The mean prestoragc RDP \- 1) of NDICP (weighted
on the basis of the inunber of treatments from the intcrnie(iiatc-uioisture and high-moisture harvests) was 70. 1% of NDTCP. which corresponds
generall y to B DP. = U on I he y-axis. Effective degradabilit y was calculated on the basis of a ruininal passage rate of 0.II60/li.

Journal of Dairy Science Vol. 93 No. 3, 2010
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of determination for both independent variables (R2 >
0.502).

The curvilinear trends that describe the inverse re-
lationship between ARDP \f) and HDD or MAX are
somewhat complex and mask conflicting responses to
spontaneous heating among various NDICP pools. The
relatively close regression relationships between
and measures of spontaneous heating (Figures 8A and
8B) suggest that the runtinal availabilit y of fraction B\fl
is altered negatively by spontaneous heating. However,
these responses were offset b y a concomitant expansion
of the total pool of NT)ICP with heating (Figure 2A
and 213) within this expanded NDICP pool, all

 percentage comprised fraction AND (Figures 7A and
711). which is assumed to be immediatel y available in
the rumnen.

Contributions to RDP Based on Solubility
in Neutral Detergent

Estimates of AR.DP were negative across the entire
range of HDD (Figure GA) or MAX (Figure GB) for

our baling treatments. indicating that overall ruininal
disappearance of forage CP was suppressed by spon-
taneous heating: however. these respective cubic and
quadratic responses obscure rather complex and dy-
namic changes within various pools of CP. To illustrate
this concept, degradation of the total forage CP pool
was subdivided oil basis of soltihilitv hi neutral de-
tergent (Figure 10). Ott this basis. ARDP \p increased
with HDD in a pattern best explained with a nonlinear
model in which HDD were squared. This relationship

-became asymptotic at 16.4 percentage units of CP
\vllen approximately 730 l-IDD were accumulated. The
asymptotic nature of this regression model is unique be-
cause it is made up of sharply conflicting responses for
AA \l) and AB \J) pools (Figures 7i and 7B) I hat have
been discussed previously. Despite these fluxes atilong
NDICP pools, the nonlinear regression model was very

effective at describing the overall relationship between
ARDP \J) and HDD (R 2 = 0.902). In contrast to the
response for ARDP \0 , changes (poststorage - preston-
age) in contribution,,, front detergent soluble CP
(LRDP NDs) became sharpl y negative with spnntune-
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Figure 10. Regressions of the changes in RDP (poststorage - prcatorag( , : A RDP. solid black circles. thick black line) oil degree
days >30°c. as well as changing contributions to the cumulative pool of IMP from rumen-degradab!e neutral detergent insoluble CP ( NDICP
(1l DP \fl . solid gray circles, thick gray line) and rumueii-degradable neutral detergent soluble (P ( \H I)P \as. open circles, thin black line).
The mean prestorage concentrations of HDP. H I)Pve. and RDP.0 (weighted on the basis ol t lie aiim il icr of I rca tment s lroni the I nterumediate-
moisture and high-moisture harvests) were 74.8. 14.2. and 60.6% of (P, rcspe('tivelv. which correspond generall y to ARDP = 0. zHDP . 1 > =
aim ( 1 .\RI)P \fl5 = 0 oil 	 Y-axis. Effective degradabilitv was calculated mmii the basis of a ninumial passage rate of 0.060/li.
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ous heating, reaching a minimum of -24.6 percentage
units of CP. Overall, this response was best fit by a
cubic model with a high coefficient of determination
(R2 = 0.891). In general. this relationship suggests that
decreasing estimates of RDP commonly associated with
spontaneous heating occur largely as a result of reduced
contributions from the pool of CP that is soluble in
neutral detergent. However, within this study, this gen-
eralization is somewhat confounded because severely
heated hays exhibited sharply increased concentra-
tions of NDICP (Figures 2A and 213). Furthermore, a
substantial portion of the NDICP pool within severely
heated hays was either soluble in water or was associ-
ated with forage particles possessing altered physical
characteristics that permitted passage through Dacron
bags upon machine rinsing (Figures 7A and 713). In
either case, this portion of the NDICP pool in severely
heated hays is assumed to he completely rumen degrad-
able within the context of calculations by the equations
of Orskov and McDonald (1979). However, it remains
unclear whether this response is biologically relevant,
and it is likely dubious to assume that it is. More likely,
it suggests that the severity of heating within baling
treatments exceeds the reliable limits of the in situ
method ill 	 iii vivo responses.

CONCLUSIONS

Alfalfa-orcliardgrass hays exhibited increased concen-
trations of both NDICP and ADICP in response to
spontaneous heating during storage. Although specific
regression models varied, each described a curvilinear
relationship that was associated closely with HDD or
MAX (R. 2 > 0.716). The regression ofNDICP on HDD
became asymptotic at +24.9 percentage units of CP,
indicating there were enormous increases in concentra-
tions of NDICP in our most severely heated hays. Within
ranges of heating most commonly encountered under
field conditions, estimates of K, 1 and RDP decreased in
close association with nieasures of spontaneous heating.
which is consistent with past work. Interpretation of
results was complicated by poor recovery of NDICP
from our most severely heated hays following machine
rinsing of 0-h Dacron bags: this lost pool of NDICP is
by definition entirely degradable in the rumen. As a
result, the mean ARDP for the 4 most severely heated
hays was onl -2.6 percentage units of CP, which was a
minimal reduction from prestorage controls. It remains
unclear whether these responses could be corroborated
by other techniques, or whether the severity of these
heating increments exceeds the reliable limits for esti-
mating RDP via in situ methodology.

REFERENCES
AOAC. 1995. Official Methods of Anak sib. 111th ed. 4th rev. ..sociation

of Official Analy tical Chemists. Caitlier.shurg. MD.
Broderick. G. A. 1991. Quantifying forage protein quality. Pages 200-

228 in Forage Quality, Evaluation. and Utilization. Proc. Nall.
Conf. oil Quality. Evaluation, and Utilization. Lincoln. NE.
C. C. Faliey. M. Collins, D. B. Mertens. and L. E. Moser, ed. ASA-
CSSA-SSSA, Madison. WI.

Broderick. C. A., S. M. Abrams, and C. A. Ilotz. 1992. Ruminal in
vitro degradabilit y of protein in alfalfa harvested as standing
forage or haled hay. J. Dairy Sci. 75:2410 2116.

Broderick, C Al. H. Yang. and B. G. Koegel. 1993. Effect of steam
beating alfalfa hay oil by lactating dair y cows. J. Dairy
Sci. 76:165-174.

Coblentz. W. K.. J. 0. Fritz. K. K. Bolsen. and K. C. Cochran. 1996.
Quality changes ill hay during storage in lad,s. J. Dairy
Sd. 79:873885.

C'oblentz. W. K., J. 0. Fritz. H. C. Cochran, W. L. Boonev. and K.
K. Bolsen. 1997. Protein degradation responses to spontaneous
heating in alfalfa hay evaluated by in situ and ficin meth Is. .J
Dairy Sd. 80:700 713.

Cohlentz, W. K., J. 0. Fritz, W. H. Fick. R. C. Cochran. and J. E.
Shirley. 1998. In situ dry matter, nitrogen, and fiber degradation
of alfalfa, red clover, and eastern gamnagrass at four maturities. .J
Dairy Sci. 81:150 161.

Cohlentz. W. K., J. 0. Fritz, W. H. Fick, H. C. Cochran. J. E. Shirley.
and J . E. Turner. 1999. In situ disappearance of neutral detergent
insoluble nitrogen from alfalfa and eastern ganiagrass at three
maturities. ....tuim. S(i. 77:2803 2809.

Cohlentz. W. K., and P. C. Hoffman. 2009a. Effects of bale moisture
and bale diameter oil spontaneous heating. dr y matter recover y. in
vitro true digestihility, and in situ disappearance kinetics of alfalfa-
orchardgrass hays. J. Dair y Sci. 92:2853 2874,

Coblentz, W. K., and P. C. Hoffman. 20091). Effects of spontaneous
heating oil composition. fiber digest ihilit,v. and in situ
disappearance kinetics of NDF for alfalfa-orchardgm'ass ha ys, J.
Dairy Sd. 92:2875-2895.

Cohlentz, W. K.. .1. E. Turner, D A. Scarbrough, K. F. l.esmcister.
Z. B. Johnson. D. W. Kellogg, K. P. (.'offey. L. MeBotli. and
J. S. Weyers. 2000. Storage characteristics and qualit y changes in
hern'mudagra.ss bass affected by moisture content and density of
rectangular bales. Crop Sci. 40:1375 1383.

Collins, M.. 'iv. H. Paulson. M. F. Finner. N. A. Jorgensen. and C.
B. Keuler. 1987. Moms) mire and storage effects on dr y matter and
quality losses of alfalfa in round bales. Trans. A)AE 30:913
917.

Flores, B.. W. K. Coblentz, R. K. Ogden. K. P. Coffey. M. L. Looper,
C. P. West. and C. F. Bosenkrans Jr.. 2007. Effects of fescue
t ype and sampling (late on the ruminal disappearance kinetics of
autumn-stockpiled tall fescue. J. Dair y Sci. 90:2883 2890.

Goering, H. K., P. J. Van Soest. and R. W. Henmken. 1973. Relative
susceptibilit y of forages to heat (lamnage as affected by immoisture.
temperature, and pH..J. Dairy Sci. 56:137-143.

hoffman, P. C.. S. J. Sievert. B. D. Shaver, D A. Welch. and D. K.
Combs. 1993. In situ dry matter, protein. and fiber degradation of
perennial forages. J. Dairy Sci. 76:2632 2643.

Lieitra, C.. T. 51. Hernandez. and P. J. Van Soest. 1990. Standardization
of procedures for nitrogen fractionation of runnuant feeds. Animn.
Feed Sci. Technol. 57:317 358.

MeBeth, L....K. P. Coffey, W. K. C'oblentz. D. Fl. Hellwig. J. E.
lurner. and D A. Scarbrougb. 21)03. Impact of heating-degree-
day accumulation during storage of bermudagrass lop' oil in
situ (legradatmomi kinetics froni steers. Anim. Feed Sci. Technol.
108:117 158.

hIcBeth. L. K. P. Coffe y, \V. K. Cohlent7...J. F. Turner. D. A.
Scarbrough. C. R. Baile. and M. B. Sti yarius. 2001. Impact of
heating degree-day accumulation during bermudagrass ha y storage
oil 	 utilization by lambs. ,J.Anim. Sci. 79:2698 2703.

Journal of Dairy Science Vol. 93 No. 3, 2010



Iq

CRUDE PROTEIN DISAPPEARANCE KINETICS
	

1169

Mertens. B. 11.. and J. H. LOIt('II. 1980. The effect 0! starch on forage
fiber digestion kinetics in vitro. J. Dair y Sci. 63:1437 1446.

Middleton. T. B . . and J. W. lIloilLFS. 1983. Influence of aeration,
moisture content, and teulperature on measurements of changes in
forage proteins. ....knini. Sd. 56:729 734.

Montgomery, Al.l.A. Tinco, B. L. Bledsoe, and H. I). Baxter. 1986.
Effect of moisture content at baling on nutritive value of alfalfa
orchardgrass hat' in conventional and large round bales. J, Dairy
Sci. 69:1847 1853.

NRC. 1996. Nutrient Requirements of Beef Cattle. 7th rev. ed. National
Academy Press. Washington, DC.

NRC. 2001 .  Nutrient li.equiremeuts of Dair y Cattle. 7th rev. ed.
National Academy Press, Washington. DC.

Ogden. R. K.. W. K. Coblentz. K. P. Coffey. .1. F. Turner. D. A.
Scarbrough, ......Jennings, and M. D. Richardson. 2006. In situ
disappearance kinetics of nitrogen and neutral (let ergenl ii isolul ile
nitrogen for ('(nion crabgrass sampled on seven dates in northern
Arkansas . J.Anim. Sci. 84:669 677.

Orskov. E. B.. and I. McDonald. 1979. The estimation of protein
degradability in the rumnen from incubation nieasureira'nt 5 weighted
according to rate of passage. ....Agric. Scf. Camb. 92:499--503-

Rots. C. A.,  and B. F. Muck. 1994. Changes in forage qualit y during
harvest and storage. Pages 828 868 in Forage Quality. Evaluation.
and Utilization. Proc:. Natl. Coid'. on Forage Qualit y . Evdi lotion
and Utilization, Lincoln, NE. C. C. Fahev, M. Collins. D. H.
Mertens. and L. E. Moser. ed. ASA-CSSA-SSSA. Madison, WI.

SAS Institute. 1990. SAS/STAT: User's guide. Version 6. .Ith ed. SAS
Institute, Car v, NC.

Sniffen. C.J.,.J. D. O'Connor. P. 	 Van Soest. D. C. Fox. and J.
B. Russell. 1992. A net carbohydrate and protein system for

(i'aluot hg cat) Ii' lots: I I. (_arliolivdrate aol Ii') :11 iivailalulitv.
J. Anita. Sci. 70:3562 3577.

Turner. J. F.. W. K. C'ohlentz. I) A. Scarbrough. K. P. Coffe. D.
V. Kellogg, L. .1. Mc Beth. and B. I. Elwin. 2002. Chiuiges in

nutritive value of henondagrass hay during storage. Agron . J.
94:109- 117.

Van Soest . P. .J . 1982 .N itritional Ecology of the Ruminant. Cornell
Universit y Press. II linen .N y

Van Soest, P....mid V. C. Mamm. 1991.  'II ie inllue ici' of the Maillard
reaction uiaai the nutritive value of fibrous fced. ,\.nin1. Feed Sei.
'l'echnol .32:15- 53.

\'anzant. F. S.. B. C. Coelinui. and F. C. Titgemnvver. 1998.
St andarclizat ion of in si In teehuiques for ruminant feedstuff
evaluation.....;\ium .Sei. 76:2717 2729.

Vanzant. F. S.. H. C. Cochran, F. C. Titgc'uiever, S. D . Staft'oid. K. C.
Olsen. D. E. .li)lilis()1i. and C. St. lean. 1996. Tn vivo and in situ
measurements of forage protein degradation in cattle. J. Anini.
Sd. 7-1:2773 278.1.

Weiss. W. P., H. R. Conrad. and N. B. S. Pierre. 1992 A theoreticall y-
based model for predicting total digestible nutrient values of
forages and concentrates. ,nimn. Feed Sci. 'I'eclmol .39:1)5 110.

Yang. .1. H.. C. A. Broderick. and B. C. Koegel. 1993. Effect of heat
treating alfalfa lim' on chemical com position and rinninal in vitro
protein degradal iomi..J. Dairy Sci. 711:15-1 161.

Zinn, K....and F. N. Owens 1986. A rapid procedure for puriie
hmieIsiircihIehit amal its use for ('stihliatillg mat rinninal protein
synthesis. Can. ....Animmi. Sci. 66:157-166.

Journal of Dairy Science Vol. 93 No, 3, 2010


	Page 1
	Page 2
	Page 3
	Page 4
	Page 5
	Page 6
	Page 7
	Page 8
	Page 9
	Page 10
	Page 11
	Page 12
	Page 13
	Page 14
	Page 15
	Page 16
	Page 17
	Page 18
	Page 19
	Page 20
	Page 21
	Page 22

